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ABSTRACT: We have introduced a new class of stable organometallic Cr reagents (compounds 1-4) that are readily prepared, 
yet reactive enough to serve as precursors. They were used for ethylene tetramerization catalysis following stoichiometric 
activation by in situ protonation. This study highlights the importance of balancing stability with reactivity in generating an 
organometallic precursor that is useful in catalysis. Moreover, precursor 4 allowed for the isolation and crystallographic 
characterization of a room-temperature stable cationic species, (PNP)CrR2+ (R =  o-C6H4(CH2)2OMe, PNP = iPrN(PPh2)2). This 
complex (5) may be used as a single component precatalyst, without any alkyl aluminum reagents. This result provides an 
unprecedented level of insight into the kind of structures that must be produced from more complicated activation processes. 
 
INTRODUCTION 
Chromium catalysis has not yet experienced a 
renaissance quite like other first row transition metals.1 
Recent development of low-valent Cr catalysis in organic 
methodology has renewed interest in reactive Cr σ-aryl 
complexes.2 The necessity for suitable and well-defined 
organometallic precursors has been appreciated in the 
context of iron and nickel catalysis.3 Anionic (e.g. aryl, beta-
diketiminate, or cyclopentadienyl) ligands have proven 
useful entries for Cr chemistry.4 However, the selection of 
chromium hydrocarbyl precursors is very limited (vide 
infra), which may hinder new methodology development.   
Chromium has been uniquely demonstrated to serve as 
a catalyst for ethylene tetramerization, although a 
completely selective catalyst has remained elusive.5 
Significant efforts have identified ligands6 and cocatalysts7 
to support ethylene tetramerization, but the pool of Cr 
precursors has remained small (Figure 1a). These are 
typically Cr(III) or Cr(II) salts: Cr(acac)3,8 
Cr(ethylhexanoate)3,9  CrCl3(THF)3,10 and CrCl2(THF)2 
(acac = acetylacetonate, THF = tetrahydrofuran).11 To 
generate a catalytically active species in situ, these 
Figure 1. (a) Typical CrIII or CrII precursors or 
precatalysts, (b) examples of Cr tris(hydrocarbyl) 
complexes, and (c) this work.  
 
 
 
Scheme 1. (a) Activation of CrCl3-based precatalysts with MMAO, leading to a reduced active species, (b) activation of 
Cr(I) carbonyl precatalysts with AlR3, also leading to a reduced active species, (c) stoichiometric activation by 
protonation, and (d) a single-component (PNP)CrR2+ precatalyst.  
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precursors are typically mixed with alkyl aluminum co-
catalysts such as modified methylaluminoxane (MMAO) in 
the presence of an auxiliary ligand. The need for harsh 
activation processes, in terms of high excess and reactivity 
of Al additives, has impeded rational improvements to 
catalysis. More problematically, the paramagnetism of 
relevant Cr intermediates has limited insight into their 
structure.12 
Currently, there are few Cr precatalysts that can be 
activated by milder methods (or that are self-activating). In 
several studies for ethylene trimerization13 and in our 
recent report for ethylene tetramerization,14 catalysis was 
achieved without excess of alkyl aluminum reagents. These 
and related studies have relied on the isolation of Cr multi-
aryl or multi-alkyl complexes.15 The scarcity of examples of 
“pre-alkylated” Cr precursors is likely related to the 
instability of CrPh3(THF)3 and its derivatives. 13b, 15a, 16 The 
precursor  CrBn3(THF)3 (Bn = benzyl) has been reported, 
but is also highly unstable.15c To stabilize Cr–aryl or Cr–
alkyl species, chelating ligands have been used in rare 
cases (see examples in Figure 1b).14,17  However, this 
strategy has only recently been implemented in chromium 
catalysis.14,17g 
Herein, we report the synthesis of a series of Cr(III) 
tris(aryl) complexes stabilized by the binding of pendant 
ethers (Figure 1c). We demonstrate the stability of these 
complexes, attributable to this chelate effect. Furthermore, 
these complexes are investigated as precatalysts for 
ethylene tetramerization following activation with a 
Brønsted acid in the presence of a diphosphinoamine 
(PNP) supporting ligand (i.e. stoichiometric activation). 
Previous studies have suggested that a cationic Cr(III) 
complex is the product of stoichiometric activation, which 
is followed by initiation via ethylene insertion, H-transfer, 
and reductive elimination to generate a Cr(I) active 
species.13a,13b,14 The same type of active species is 
presumed following activation by alkyl aluminum reagents 
(Scheme 1a), although the involvement of Cr(II) species 
has not been experimentally ruled out.12 Although 
precursor Cr(I) cations may be stabilized by carbonyl 
ligands, such complexes still require activation by alkyl 
aluminum reagents (Scheme 1b).18 Our previous report 
detailed the first example of activation by protonation 
(Scheme 1c).14 To our knowledge, no cationic Cr(III) species 
has yet been isolated and shown to be a viable single-
component precatalyst for ethylene tetramerization. 
Therefore, the identity of the activated Cr species has never 
been directly established. We demonstrate that by first 
developing a route to robust but still reactive Cr 
tris(hydrocarbyl) precursors, an activated complex 
(PNP)CrR2+, can be isolated and crystallographically 
characterized (Scheme 1d).  
 
RESULTS AND DISCUSSION 
Synthesis of Cr Tris(aryl) Complexes (1-4) 
Stabilized by Ether Chelation. A general procedure for 
the synthesis of complexes 1-4 was developed (Scheme 2). 
Three equivalents of each aryl bromide were converted to 
the corresponding aryl Grignard reagent by stirring over 
Mg turnings. The Grignard solutions were used directly in 
the arylation of CrCl3(THF)3. After filtering away Mg salts, 
the Cr products could be obtained, typically by 
precipitation (see Experimental section for specific 
workup procedures). In contrast, isolation of the 
methylether-stabilized Cr complex with a single methylene 
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 linker in the chelate (R = Me, n = 1) was not successful. The 
obtained solid residue was completely insoluble in THF or 
DCM, suggesting that the desired product converted to 
oligomeric or polymeric forms, possibly due to association 
of Mg salts. Additionally, although the desired 
methylether-stabilized Cr complex with three methylene 
linkers in the chelate (R = Me, n = 3) appeared to have been 
generated in situ, it decomposed in solution at room 
temperature: the aryl-aryl reductive elimination product 
was observed by GC/MS in quenched aliquots of this 
reaction. These changes in reactivity highlight the 
importance of the chelate ring size and ether substituents 
in the stabilization of the Cr tris(aryl) complexes. 
Structural Characterization of Complexes 1-4. 
Single crystals were obtained of complexes 1, 2, 3, and 4, 
allowing for structural determination by XRD (Figure 2). 
Amongst this series, some structural diversity was 
observed. For 1 and 4, XRD confirmed the expected 
geometry of the products as six-coordinate Cr complexes, 
where each aryl ligand was bidentate due its chelating 
ether functionality. Complex 2 was determined to be a five-
coordinate, square pyramidal complex, where one of the 
three ether donors was not coordinated to Cr. For 3, a 
dimeric structure was revealed by XRD, wherein one of the 
three aryl ligands bridges two Cr centers, binding through 
the aryl donor to one Cr center, and the ether donor to the 
other. Under different crystallization conditions (using 
THF instead of DCM), different crystals were obtained; the 
XRD analysis revealed a six-coordinate, monomeric Cr 
center (3′). In 3′, one of the ether donors has dissociated 
from Cr, and a THF ligand was bound in its place. Clearly, 
the chelate forming a four-membered ring (in 3) is less 
favored than the five and six-membered ring examples (in 
1, 2, and 4). An ether donor in 3 prefers to either dissociate 
in preference to THF, or to bridge to another metal center. 
Nevertheless, the four-membered chelate stabilizes the 
aryl ligand against reductive elimination relative to the 
example with the seven-membered ring.  
Although there were notable differences in the 
structural arrangement about Cr based on chelate ring size 
and ether substitution, there are not drastic differences in 
the bond metrics amongst the series. However, it can be 
seen that 4 exhibits the longest Cr-C bonds, by at least 0.03 
Å on average (Table 1). This is likely due to it having the 
largest chelate ring size of the six-coordinate Cr examples. 
Complex 4 also exhibits relatively long Cr-O bonds, at least 
0.02 Å longer than in 1 and 2. However, 3 exhibits the 
longest Cr-O bonds (excluding the oxygen from the 
bridging ligand) by 0.06 Å on average. The strained four-
membered chelate ring decreases the ability of the ether 
moiety to bind to Cr. Its propensity to dissociate and/or 
bind to a different Cr center is further evidence of this. 
Finally, the O-Cr-C angle (the “bite angle” of the arylether 
ligands) is close to 90° for 2 and 4, where a six-membered 
chelate ring is present. Expectedly, a corresponding 
decrease in the bite angle is seen as the chelate ring size 
decreases to five (80° in 1) or four (64° in 3).  
Stability of Complexes 1-4.  For use as catalytic or 
synthetic precursors, Cr multi-aryl complexes should 
exhibit stability in non-coordinating solvents. The 
commonly used CrPh3(THF)3 is isolable from its synthesis 
by recrystallization from THF, but its instability in less-
coordinating solvents (e.g. diethyl ether or toluene) is well-
documented.16a For example, within seconds of adding 
diethyl ether or toluene to CrPh3(THF)3, conversion to 
brown precipitate is observed, in the absence of excess 
amounts of a coordinating ligand such as THF. The 
decomposition pathway involves reductive elimination to 
generate biphenyl.16a For comparison, the stability of 
complexes 1-4 was tested in dried, degassed toluene 
solution (4 mM) in sealed cuvettes. Over 24 hr at room 
temperature, no changes to the UV/Vis absorption spectra 
were observed for complexes 1, 2, and 4; quenched 
aliquots analyzed by GC/MS showed no decomposition by 
aryl-aryl reductive elimination over this time. Compound 3 
decomposed slowly over 24 hr in toluene at room 
temperature (a 23% decrease in absorption at 534 nm); 
dark precipitate was observed from the red solution (λ: 
444 nm, 534 nm); reductive elimination was observed by 
GC/MS. Unsurprisingly, these compounds were not stable 
in solution upon exposure to air. Clearly, the presence of 
ether chelation in ring sizes of five or six stabilized the Cr-
aryl motif dramatically. With a chelate ring size of four (in 
complex 3), or with a combination of chelated and non-
chelated aryl ligands (as noted in our previous report),14 a 
lesser degree of stabilization is imposed, although these 
examples are still more robust than CrPh3(THF)3. 
Catalytic Utility of Cr Tris(aryl) Complexes 1-4. The 
utility of the Cr complexes reported herein as precursors in 
catalysis was investigated in the context of selective 
ethylene tetramerization. Due to structural similarities to 
previously-reported Cr multi-aryl complexes, we expected 
these to be successfully activated by protonation with 
HBAr′4 in the presence of a PNP ligand.13a,13b,14 Using this 
process, all complexes investigated led to some 
productivity in the absence of alkyl aluminum activators; 
however, 4 was particularly active (see Table 2). We 
propose that the differences in productivity are related to 
the initiation rates (leading to a reduced Cr active species). 
All of these Cr tris(hydrocarbyl) precursors are expected to 
generate, upon protonation in the presence of PNP ligands, 
cationic (PNP)Cr-bis(aryl) species capable of catalysis.  
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 Scheme 2. General synthetic scheme for complexes 1-4.
 
 
Figure 2. From left to right, solid-state structures of compounds 1, 2, 3 and 4. Thermal ellipsoids are displayed at 
the 50% probability level. Solvent molecules and hydrogen atoms are omitted for clarity. 
 
Table 1. Selected bond lengths and angles for compounds 1-5. 
 Bond Lengths (Å)     Bond Angles (°)  
Compound Cr-O1 Cr-O2 Cr-O3 Cr-C1 Cr-C2 Cr-C3 O1-Cr-C1 O2-Cr-C2 O3-Cr-C3 
1 2.152(2) 2.176(2) 2.139(2) 2.038(2) 2.040(3) 2.039(3) 79.69(9) 79.81(9) 79.68(9) 
2 2.1529(8
) 
2.1893(7
) 
n/aa 2.050(1) 2.037(1) 2.067(1) 86.41(4) 90.67(3) n/aa 
3 2.230(2) 2.293(2) 2.138(1) 2.032(2) 2.034(2) 2.040(2) 64.81(7) 63.63(7) 93.41(7)b 
4 2.2059(9
) 
2.1963(8
) 
2.1844(8
) 
2.104(1) 2.081(1) 2.079(1) 88.75(4) 88.05(4) 88.32(4) 
5 2.181(1) 2.108(1) n/a 2.056(2) 2.072(2) n/a 90.39(6) 88.02(6) n/a 
 
 
 
The difference in performance is likely related to how the 
initiation rate is affected by the chelate ring size and 
substituent on the ether donor. Complex 4 has relatively 
long Cr-C and Cr-O bonds compared to the other 
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 precursors (vide supra), a possible explanation for faster 
initiation. Importantly, we found that a known Cr tris(aryl) 
precursor (6, Cr(o-(Et2NCH2)-C6H4)3)19 stabilized by 
pendant amines was not a viable precatalyst. No oligomers 
were observed following stoichiometric activation of 6. 
Likely, the amine donor chelates too strongly to Cr, 
preventing catalyst formation either in terms of efficient 
protonation, coordination by PNP, or subsequent initiation 
steps. This difference in behavior highlights the necessary 
balance between stability and reactivity in these Cr 
precursors. While stability is desirable in a versatile 
precursor, sufficient reactivity is still necessary for 
catalytic utility. The ether chelates employed here satisfy 
both requirements.   
Synthesis and Structural Characterization of 5. The 
ability of ligands relevant to catalysis to displace the 
chelating donors in 1-4 was investigated, but no evidence 
of a reaction was observed at room temperature, even with 
bis(diphenylphosphino)benzene (tracked by EPR or 
UV/Vis spectroscopy). Nevertheless, PNP must bind to Cr 
after the protonolysis of an aryl group in order to generate 
active catalysts as demonstrated in Table 2. Therefore, the 
isolation of the cationic complex was targeted. Addition of 
[H(OEt2)2][BAr′4] (Ar′ = 3,5-(CF3)2-C6H3) to a mixture of 
iPrN(PPh2)2 (iPrPNP) and 4 results in a color change from 
orange to green. The product was isolated as a green 
powder and was proposed to have the formulation of 
[(iPrPNP)Cr(o-(CH3O(CH2)2)-C6H4)2][BAr′4] (5, Figure 3). 
This corresponds to protonation of one aryl ligand 
(releasing 2-methoxyethylbenzene) and binding of iPrPNP 
to Cr. This solid could be used directly in catalysis simply 
by dissolving it in chlorobenzene and adding ethylene (vide 
infra). This product (5) was not readily amenable to 
crystallization due to its propensity to form oils. However 
suitable single crystals of 5 were obtained from DCM. The 
expected structure was confirmed by XRD: six-coordinate, 
cationic Cr with two arylether ligands and one PNP ligand 
bound ( Figure 3).  
The stability of compound 5 in toluene was checked to 
evaluate that it is practically useful. No changes to the 
UV/Vis absorption spectra were observed in toluene 
solution for at least 24 hours at room temperature, which 
is very notable given the scarcity of Cr-hydrocarbyl 
cationic species.15b,20 
Indeed, compound 5 is a particularly uncommon 
example of an isolated Cr-hydrocarbyl cation in the context 
of ethylene oligomerization catalysis. Although related 
cationic complexes have in some cases been structurally 
characterized,12b,18,21 to our knowledge they are not 
catalytically active without alkyl aluminum-based co-
catalysts. None of the referenced examples maintains 
salient features present in 5, which is free of halide or 
carbonyl ligands, has a single PNP ligand, and has a non-
coordinating anion. Because of these features, compound 5 
is poised to generate the catalytically active species simply 
upon addition of ethylene.  
 
Figure 3.  Top: Synthesis of complex 5. Bottom: Solid-
state structure of complex 5. Thermal ellipsoids are 
displayed at the 50% probability level. Solvent of 
crystallization (CH2Cl2), BAr′4 anion, and hydrogen 
atoms omitted for clarity. 
 
 
 
Use of Pre-“Activated” Cr Complex 5 in Catalysis. 
We found that 5 was a single-component precatalyst for 
ethylene tetramerization. Following dissolution of 5 in 
chlorobenzene, addition of ethylene in a high-pressure 
reaction vessel led to formation of 1-hexene and 1-octene, 
similarly to catalytic trials following stoichiometric 
activation of 4 (see Table 2, entry 6). Remarkably, the 
catalytic productivity and 1-octene selectivity are 
comparable to when CrCl3(THF)3 is activated with 300 
equiv. MMAO (Table 2, entry 7). The direct utility of 5 is 
advantageous since no weighing or pre-mixing of multiple 
components is necessary prior to loading the reactor. In a 
traditional activation scheme, the PNP ligand, Cr precursor, 
and MMAO solution must all be  
Table 2. Comparison of ethylene oligomerization catalysis using Cr complexes 1-6. No alkyl aluminum activators were used 
in these trials (entries 1-6). A comparison is made with MMAO-activated CrCl3(THF)3 (entry 7). 
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Reaction vessel: glass Fisher-Porter bottle. [Cr] = 1 mM, Solvent: 7.5 mL PhCl. Pressure: 100 psig C2H4. Temperature: 25°C. Reaction time: 45 min. 
aComplexes 1- 4, & 6 were activated with 1.0 equiv. HBAr′4 in the presence of 1.1 equiv. iPrPNP. b PE = polyethylene. c Wt% (total). d Molar ratio. 
e Result from ref. 14: 300 equivalents of MMAO were added in the presence of 1.1 equiv. iPrPNP; other conditions are the same. 
 
meticulously prepared and combined. It has been reported 
that MMAO-activation leads to Cr species that are unstable, 
and in which multiple species are detectable by UV/Vis and 
EPR spectroscopy.12c Because 5 is reasonably stable at 
room temperature, these complications regarding catalyst 
preparation and activation have been completely removed. 
Fundamentally this catalytic result also bolsters the 
assertion that a cationic, (PNP)Cr dialkyl complex is the 
relevant product of traditional MMAO-activation leading to 
the Cr active species. 
 
CONCLUSIONS 
A high degree of stability is imparted to the Cr tris(aryl) 
motif by the addition of pendant ether donors. However, 
these precursors (1-4) remain reactive enough for 
catalytic use in ethylene tetramerization. Differences in 
stability and reactivity were observed amongst the series 
of ether-stabilized Cr precursors. In particular, one 
example (4) led not only to higher productivity in ethylene 
tetramerization catalysis, but also was a useful synthon for 
a cationic Cr complex (5). This example (5) is the first 
single-component precatalyst for ethylene 
tetramerization, and is a rare example of a structurally 
characterized Cr σ-aryl cationic species. Complex 5 
exemplifies structural features required for an “activated” 
Cr species, eliminating speculation as to the role of MMAO 
as an activator in typical catalytic processes. Compound 5 
represents a unique example of a well-defined and 
structurally characterized (PNP)CrR2+ activated species, 
typically produced from MMAO-activation of CrX3-based (X 
= Cl or acac) precatalysts. Analogous methodologies are 
expected to be fruitful for other Cr catalytic systems, using 
the precursors reported here.  
 
 
EXPERIMENTAL SECTION 
Synthesis of Cr Compounds. See Supporting Information 
for general notes about methods and materials used.  
Cr(o-(C6H5CH2OCH2)-C6H4)3 (1). A solution of 1-
((benzyloxy)methyl)-2-bromobenzene (0.930 g, 3.36 mmol) 
in 20 mL THF was stirred over excess activated Mg turnings at 
room temperature. After several hours, Grignard formation 
was complete. The solution was filtered through glass wool, 
away from excess Mg. It was added dropwise over ten minutes 
to a thawing 20 mL THF suspension of CrCl3(THF)3 (0.420 g, 
1.12 mmol). The resulting brown, homogeneous solution was 
warmed to RT over 90 minutes, then diluted to 80 mL with 
Et2O. Next, 0.8 mL 1,4-dioxane was added; the solution 
continued to stir at RT for 20 h. The resulting brown solution 
was filtered through Celite, away from pale, yellow solids. 
These solids were rinsed into a separate flask using 20 mL 
DCM, to obtain a yellow-orange solution from insoluble, gray 
solids. This filtrate was reduced in vacuo to a yellow powder 
(0.265 g, 0.411 mmol, 37% yield). ). Yellow single crystals 
suitable for XRD were grown by cooling a diethylether 
solution of 1 to -40°C for several days. μeff = 4.0(2) μB (average 
of three measurements). 1H NMR (400 MHz, CD2Cl2) δ (ppm): 
26.6 (br), 11.7 (br), 7.6 (br), 7.3 (br). UV-vis [THF; λ, nm (ε, M-
1 cm-1)]: 244 (3.9 x 104), 314 (1.1 x 103), 388 (3.6 x 102), 458 
(3.4 x 102). Anal. Calcd. for C42H39CrO3: C, 78.36; H, 6.11; N, 0.0. 
Found: C, 78.18; H, 6.14; N, 0.0.  
Cr(o-(C6H5CH2O(CH2)2)-C6H4)3 (2).  A solution of 1-
((benzyloxy)ethyl)-2-bromobenzene (1.81 g, 6.22 mmol) in 
10 mL THF was stirred over excess activated Mg turnings at 
room temperature. After several hours, Grignard formation 
was complete. The solution was filtered through glass wool, 
away from excess Mg, and diluted to 25 mL with THF. The 
solution was added dropwise over ten minutes to a thawing 
10 mL THF suspension of CrCl3(THF)3 (0.778 g, 2.08 mmol). 
The resulting green, homogeneous solution was warmed to RT 
over 2 hours, then diluted to 70 mL with Et2O. Next, 1.2 mL 
1,4-dioxane was added; the solution continued to stir at RT for 
24 h. The resulting green solution was filtered through Celite, 
away from white solids. This filtrate was reduced in vacuo to a 
green sticky residue, which was redissolved in 5 mL toluene. 
This toluene solution was stirred vigorously, and 25 mL 
pentane was added to precipitate reddish powder amongst a 
sticky, dark green residue. The red powder was collected, and 
the green residue was redissolved in toluene, and pentane was 
added in like fashion to precipitate more red powder. These 
two fractions were combined to give 750 mg of red power, 
redissolved in 20 mL toluene to give a green solution, and 
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 rinsed from white solids (presumably magnesium salts). This 
green solution was reduced in vacuo to a green powder (0.613 
g, 0.895 mmol, 43% yield). Green single crystals were grown 
by slow concentration of a toluene solution of 2 under 
vacuum. μeff = 3.9 μB. 1H NMR (400 MHz, CD2Cl2) δ (ppm): 25.1 
(br), 14.9 (br), 7.5 (br), 7.3 (br), 2.4 (s), -17.0 (br). UV-vis 
[THF; λ, nm (ε, M-1 cm-1)]: 259 (1.9 x 104), 359 (6.1 x 102), 404 
(2.9 x 102), 481 (1.5 x 102). Anal. Calcd. for C45H45CrO3: C, 
78.81; H, 6.61; N, 0.0. Found: C, 79.03; H, 6.70; N, 0.0. 
 Cr(o-(CH3O)-C6H4)3 (3). A solution of 2-bromoanisole 
(1.863 g, 9.96 mmol) in 20 mL THF was stirred over excess 
activated Mg turnings at room temperature. After several 
hours, Grignard formation was complete. The solution was 
filtered through glass wool, away from excess Mg. It was 
added dropwise over five minutes to a thawing 30 mL THF 
suspension of CrCl3(THF)3 (1.244 g, 3.32 mmol). A 
homogeneous, dark red solution resulted after warming to RT 
over three hours. The solution was diluted to 100 mL with 
Et2O, and 3 mL 1,4-dioxane was added, causing formation of 
some precipitate. After stirring at RT for 14 hours, a red 
solution was filtered from light solids using Celite. The filtrate 
was reduced in vacuo to red, flaky solids, which were 
redissolved in 10 mL DCM. The red solution was filtered 
through glass wool from minimal grey solids, layered with 10 
mL hexanes, and stored for 6 days at -40°C. Then, the cold 
supernatant was decanted from ~50 mg red solids, and 
reduced in vacuo to 12 mL, causing additional precipitation. 
This suspension was stored at -40°C for another day. The 
supernatant was then decanted from red solids, which were 
dried in vacuo (0.748 g). Satisfactory elemental analysis could 
not be obtained, possibly due to remaining magnesium salts. 
Single crystals suitable for XRD could be obtained by vapor 
diffusion of pentane into a DCM solution at -40°C. 
Cr(o-(CH3O(CH2)2)-C6H4)3 (4). A solution of 1-bromo-2-
(2-methoxyethyl)benzene (1.356 g, 6.31 mmol) in 20 mL THF 
was stirred over excess activated Mg turnings at room 
temperature. After several hours, Grignard formation was 
complete. The solution was filtered through glass wool, away 
from excess Mg. It was added dropwise over fifteen minutes to 
a thawing 30 mL THF suspension of CrCl3(THF)3 (0.791 g, 2.11 
mmol). The resulting dark red, homogeneous solution was 
warmed to RT over three hours, then diluted to 100 mL with 
Et2O. Next, 1.2 mL 1,4-dioxane was added, resulting in a 
suspension of red solids, which was stirred at RT for 20 h. The 
resulting suspension was filtered, collecting red solids on a 
Celite filter cake. These solids were rinsed into a separate flask 
using 40 mL DCM. This red DCM solution was reduced in vacuo 
to yield the product as a red powder (0.192 g, 0.419 mmol, 
20% yield). Single crystals suitable for XRD were grown by 
vapor diffusion of pentane into a THF solution of 4 at -40°C. 
μeff = 3.8 μB. 1H NMR (400 MHz, CD2Cl2) δ (ppm): 23.2 (br), 17.4 
(br), -14.9 (br).   UV-vis [THF; λ, nm (ε, M-1 cm-1)]: 256 (2.7 x 
104), 371 (9.9 x 102), 416 (5.0 x 102), 602 (1.5 x 102). Anal. 
Calcd. for C27H33CrO3: C, 70.88; H, 7.27;  N, 0.0. Found: C, 70.63; 
H, 7.37; N, 0.19. 
[(iPrPNP)Cr(o-(CH3O(CH2)2)-C6H4)2 ][BAr′4] (5). A 
solution of 4 (0.145 g, 0.317 mmol) and iPrPNP (0.135 g, 0.316 
mmol) was prepared in 4 mL DCM. To the room temperature 
orange solution, a 4 mL DCM solution of HBAr′4 (0.320 g, 0.316 
mmol) was added dropwise over five minutes. Upon 
completion of addition, a dark green solution was obtained. 
After 20 min, the solution was reduced to a sticky green solid 
under vacuum; the dry residue was further dried under 
vacuum for several hours. The residue was dissolved in 
minimal DCM (≈1 mL). Hexanes was added in portions to the 
thick, vigorously stirring solution, causing some oiling, then 
eventual precipitation of dry green solids. These green solids 
were isolated by decanting the supernatant and reducing 
further under vacuum to complete dryness (0.480 g, 0.298 
mmol 94% yield). Single crystals suitable for XRD were grown 
in ≈1 day by slow evaporation of a DCM solution into 
hexamethyldisiloxane (HMDSO) at room temperature. μeff = 
3.6 μB. 1H NMR (400 MHz, CD2Cl2) δ (ppm): 28.4 (br), 25.6 (br), 
12.7 (br), 9.7 (br), 7.8 (s, aryl-H on BAr′4), 7.6 (s, aryl-H on 
BAr′4), 6.9 (br), 2.9 (br), 0.2 (br), -0.6 (br), -9.3 (br), -17.6 (br). 
19F NMR (376 MHz, CD2Cl2) δ (ppm): -62.7 (s). 31P NMR (162 
MHz, CD2Cl2) δ (ppm): silent.  UV-vis [DCM; λ, nm (ε, M-1 cm-
1)]: 619 (2.3 x 102). Anal. Calcd. for C77H61BCrF24NO2P2: C, 
57.34; H, 3.81;  N, 0.87. Found: C, 57.36; H, 3.99; N, 0.92. 
Cr(o-(Et2NCH2)-C6H4)3 (6). This has been described 
previously,19 and is related to the dimethylamino-substituted 
version.17b,17c Our synthesis is as follows: N-(2-bromobenzyl)-
N-ethylethanamine (0.288 g, 1.20 mmol) in 4 mL THF was 
stirred over excess activated Mg turnings at room 
temperature. After several hours, Grignard formation was 
complete. The solution was filtered through glass wool, away 
from excess Mg. It was added dropwise over a few minutes to 
a thawing 4 mL THF suspension of CrCl3(THF)3 (0.149 g, 0.398 
mmol). The resulting dark solution was warmed to RT over 
two hours, then diluted to 16 mL with Et2O. Next, 0.5 mL 1,4-
dioxane was added, resulting in the precipitation of white 
solids. After stirring for 18 hr, the dark solution was filtered 
through Celite, and the filtrate reduced in vacuo to obtain red 
crystals amongst a sticky brown residue. This mixture was 
rinsed with minimal hexanes, then Et2O, decanting the brown 
washes from the red crystals. Anal. Calcd. for C34H51CrN3: C, 
73.74; H, 9.28;  N, 7.59. Found: C, 73.52; H, 9.18; N, 7.70. 
Oligomerization Catalysis. Complexes 1-4 and 6 were 
activated as follows: the Cr complex (8.0 µmol) and iPrPNP (8.8 
µmol) were dissolved in 1.0 mL PhCl in a 20 mL vial in the 
glovebox. To the stirring, room temperature solution, HBAr′4 
(8.0 µmol) dissolved in 0.5 mL PhCl was added dropwise over 
one minute. For most examples, a color change rapidly 
occurred. Quickly, the solution was diluted to 7.5 mL by 
addition of PhCl, and then transferred to a glass Fisher-Porter 
bottle equipped with a stir bar (for experiments at 100 psi). 
The reactor was sealed, and taken out of the glovebox to the 
high-pressure setup, and placed in a water bath at 25 °C. The 
gas line was evacuated, then backfilled with ethylene gas. The 
line was pressurized to 100 psig with ethylene, and then 
opened to the reactor. The pressurized solution was stirred 
for 45 min. After this time, the reactor was vented, and 0.1 mL 
methanol was added to quench the mixture. Adamantane was 
added to the solution as a reference compound, which was 
then filtered and analyzed by GC/FID to quantify the 
oligomers. Polymer was weighed on a tared glass fritted filter.  
For catalysis using 5, it was weighed in the glovebox (14.5 
mg, 9.0 µmol), then dissolved in 7.5 mL PhCl. This solution was 
transferred to the reactor and pressurized as described above.  
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